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57) ABSTRACT
A method for producing oxygen and methane from carbon dioxide, and hydrogen utilizing a methanation reactor, a reforming reactor, and an electrolyzer. Car bon dioxide and hydrogen are reacted to produce meth ane and water. A portion of the water along with a portion or all of the methane is directed to a reforming reactor where it is reacted to produce hydrogen and carbon monoxide, while the remaining portion of the methane is stored. The hydrogen is recycled to the methanation reactor while the carbon monoxide is vented or stored for use as a fuel. The second portion of the water is electrolyzed to its constituents, hydrogen and oxygen. The oxygen is stored or used for life sup port while the hydrogen is recycled to react with addi tional carbon dioxide. The present invention relates to oxygen and methane production, and especially relates to the production of oxygen and methane from carbon dioxide and hydro O gen.
BACKGROUND ART
In order for humans to successfully explore beyond the bounds of the Earth, it will be necessary to bring along oxygen for life support and fuel for power. Carry ing a sufficient supply of fuel and oxygen for a direct, round trip flight to locations beyond the Moon, how ever, is not technically feasible since these substances significantly contribute to weight and volume penalties.
As a result, on location oxygen and methane produc tion has been extensively investigated. As is described in U.S. Pat. No. 4, 452, 676 The oxygen and methane production consists of con verting carbon dioxide and hydrogen to methane and water vapor. The methane and water vapor are sepa-is rated by cooling the methane and water vapor stream such that the water condenses. The condensed water is directed to an electrolyzer where it is electrolyzed to its constituents, hydrogen and oxygen. This hydrogen is recycled for additional conversion of carbon dioxide to 40 water and methane. The oxygen can be stored for use as an oxidant for fuel or utilized for life support.
Meanwhile, the methane is separated into two por tions. One portion of the methane is stored as fuel, while the remainder of the methane is introduced to a carbon 45 formation reactor where it is pyrolyzed to its constitu ents, hydrogen and carbon. This hydrogen is similarly recycled as a reactant for the production of methane and water. The carbon, on the other hand, accumulates on expendable glass packing in the carbon formation 50 reactor as Solid carbon.
Although this oxygen and methane production pro cess is an improvement over carrying methane and oxygen as cargo on extraterrestrial flights, limitations relating to the expendables significantly contribute to 55 weight and volume penalties. Here, disposal of the solid carbon and replacement of expendables such as the glass packing are limitations which were not experienced by the prior art.
The methane produced from the carbon dioxide and 60 hydrogen is pyrolyzed to hydrogen and solid carbon which deposits on the glass packing in the carbon for nation reactor. Eventually, the accumulated solid car bon increases the pressure drop across the carbon for mation reactor to a point where the energy require-65 ments for passing the methane through the reactor be come excessive, making further methane pyrolysis im practical. As a result, the solid carbon must be removed What is needed in the art is an automated process for the production of oxygen and methane from carbon dioxide and hydrogen that is efficient, does not require expendables, and can be run in a continuous process.
DISCLOSURE OF THE INVENTION
The present invention is directed to a method for producing oxygen from carbon dioxide and hydrogen. Carbon dioxide and hydrogen react to form methane and water in a methanation reactor. Due to the stoichi ometry of the above reaction, a greater amount of water than methane is produced. The water and methane produced are introduced to a reforming reactor where they produce hydrogen and carbon monoxide. Due to the stoichiometry of this reaction, excess water exits the reforming reactor after the conversion of the methane. This water is electrolyzed to its constituents, hydrogen and oxygen.
The present invention is further directed to a method for producing oxygen and methane from carbon dioxide and hydrogen. The, carbon dioxide and hydrogen are introduced to a methanation reactor where they are reacted to produce methane and water. A first portion of the methane and water are directed to a reforming reactor where they react to form hydrogen and carbon monoxide. Meanwhile, a second portion of the methane and water are separated, and the water is directed to an electrolyzer. In the electrolyzer, the water is electro lyzed to hydrogen and oxygen.
The present invention is also directed to an apparatus for the production of oxygen and methane from carbon dioxide and hydrogen. This apparatus includes: a met hanation reactor for converting carbon dioxide and hydrogen to methane and water, a reforming reactor for converting the methane and water produced in the methanation reactor to carbon monoxide and hydrogen, and an electrolyzer for electrolyzing the water to hy drogen and oxygen. 5,128,003 3 The foregoing and other features and advantages of the present invention will become more apparent from the following description and accompanying drawing.
BRIEF DESCRIPTION OF THE DRAWING
The FIGURE is a schematic of the oxygen and meth ane production process of the present invention.
BEST MODE FOR CARRYING OUT THE INVENTION
The FIGURE, which shows a schematic of one em bodiment of the system disclosed in the present inven tion, is meant to be exemplary and not limiting. The methanation reactor 3 is a conventional piece of equip ment capable of converting carbon dioxide and hydro gen to methane and water, such as the Sabatier metha nation reactor.
In the methanation reactor 3, carbon dioxide (CO2) and hydrogen (H2) If the reforming reaction predominates, the oxygen and methane production and the overall system efficiency decreases.
Once the methanation reaction is complete, the efflu ent stream 5 from the methanation reactor 3 is directed to a reforming reactor 9 where the methane and water are converted to hydrogen and carbon monoxide. Typi cally, the reforming reactor 9 contains a reforming catalyst which is similar to the methanation catalyst discussed above and is capable of converting methane and water to hydrogen and carbon monoxide. The reforming reactor 9 is maintained at elevated temperatures to influence the direction of the reaction within this reactor. Reaction temperatures above about 593 C. (1100 F) are typically employed since below this temperature, the rate of reaction is severely dimin After the reforming reactor 9 has attained reaction temperatures, the methanation effluent stream 5 from the methanation reactor and a water stream 15 are intro duced as inlet stream 6. Within the reforming reactor 9, the water and methane intimately contact the reforming catalyst, causing the water and methane to chemically react to form hydrogen and carbon monoxide accord ing to the following endothermic reaction:
If the entire effluent stream 5 is directed to the reform ing reactor 9, the reforming reactor effluent stream 11 will contain excess water. As can be seen in Equation (2), the reforming reaction has a 1 to 1 methane to water stoichiometry. Since approximately twice as much water as methane is produced in the methanation reac tor 3, Equation (1), there is excess water entering the reforming reactor 9. As a result, the reforming reactor effluent stream contains not only hydrogen and carbon monoxide, but also excess water.
The excess water in the reforming reactor effluent stream 11 is separated from the hydrogen and carbon monoxide by directing the stream to a conventional means for separating water from hydrogen and carbon monoxide, such as a first condenser 13. This condenser can utilize ambient gases (temperatures of about 25 C. for cooling. Within this first condenser 13, the reform ing reactor effluent stream 11 is cooled to below the water dew point to cause the water to condense. As a result, the hydrogen and carbon monoxide are sepa rated from the water since the water exits the first con denser 13 as a liquid while the hydrogen and carbon monoxide exit in a separate stream as gases.
This hydrogen and carbon monoxide 23 are then directed to a first hydrogen separator 25 in order to separate the hydrogen from the carbon monoxide. The first hydrogen separator 25 is typically a membrane which allows the small hydrogen molecules to pass while rejecting the flow of carbon monoxide. Any con ventional hydrogen separator capable of separating hydrogen from carbon monoxide can be used.
Generally, a solid metallic membrane fabricated from a silver-palladium alloy is used. This membrane prefer entially dissolves hydrogen at elevated temperatures (about 300' C. (572 F.)) and rejects carbon monoxide. Similarly, nonporous polymeric membranes which pref. erentially pass hydrogen through its surface while re jecting the larger carbon monoxide molecules, can be employed. Matheson Gas Products, East Rutherford, NJ is a supplier of the silver-palladium membrane sepa rators while Permea, a Monsanto Company located in St. Louis, MO, is a supplier of Prism (R) polymeric mem brane separators.
In the first hydrogen separator 25, the hydrogen passes through the membrane and exits the separator as stream 29 which can then be combined with the reac tants in stream 1 or stored. The carbon monoxide is separated from this hydrogen since it cannot pass through this membrane. This carbon monoxide, stream 27, is either vented or stored. 5, 128,003 5 Meanwhile, the condensed water which was sepa rated from the hydrogen and carbon monoxide in the first condenser 13 exits the condenser. This water stream can be split such that a portion of the stream can be recycled as stream 15 and combined with the metha-5 nation effluent stream 5 for use in the reforming reactor 9. Recycling this water to the reforming reactor 9 is preferred since feeding water in excess of the stoichio metric requirement of 1 mole water to 1 mole methane results in improved conversion efficiency of methane to 10 carbon monoxide and hydrogen in the reforming reac tor 9.
While the first portion of the water stream is recy cled, the second portion can be directed to an electro lyzer 19 for oxygen production. The electrolyzer 19 can 15 be any conventional means for electrolyzing water, such as a SPE(R) electrolysis cell produced by Hamilton Standard, Windsor Locks, CT, or a conventional potas sium hydroxide electrolyzer.
The SPE(R) electrolysis cell is preferred over the 20 potassium hydroxide electrolyzer since the potassium hydroxide electrolyzer requires an additional step of scrubbing the inlet water stream to remove any carbon dioxide. The carbon dioxide can contaminate the potas sium hydroxide reactor by converting the potassium 25 hydroxide to potassium carbonate, thereby reducing the amount of potassium hydroxide available for water electrolysis. The SPE(R) electrolysis cell, in contrast, does not require the scrubbing of the water stream and is not contaminated by carbon dioxide. 30
After entering the electrolyzer 19, the water contacts a catalyst and is electrolyzed to its constituents, hydro gen and oxygen. This oxygen which exits the electro lyzer 19 in stream 43 can be stored or used for life sup port while the hydrogen can be directed via stream 21 35
to storage or combined with the reactants in stream 1.
A more effective utilization of the above described apparatus and process is a method in which the metha nation effluent stream 5 is split into two streams; a first stream which is directed to the reforming reactor 9 as 40 discussed above, and a second stream 7 which is sepa rated into its constituents, methane and water. The methane can then be stored and utilized as a fuel while the water can be directed to the electrolyzer for elec trolysis to hydrogen and oxygen. 45 Separation of the methane and water can be accom plished in any conventional means for separating water and methane, such as a second condenser 37 similar to the first condenser described above. The second stream 7 split from the methanation effluent stream 5, there-50 fore, is directed to the second condenser 37 where the methane is separated from the water by cooling the stream to below the dew point of water. Since methane is insoluble in water, it is readily separated from the condensed water and directed to storage. The con-55 densed water stream 41, on the other hand, can be di rected to stream 17 to be combined with water con densed in the first condenser 13 or stored.
It is recognized that if there is any excess hydrogen in stream 7 from the reaction in the methanation reactor 3, 60 it can be separated from the methane and water in a second hydrogen separator 31. This second hydrogen separator 31 can be any conventional hydrogen separa tor capable of separating hydrogen from methane and water, such as a solid metallic membrane or a nonpo-65 rous polymeric membrane, among others, as is dis cussed above with respect to the first hydrogen separa tor 25. 6 Once introduced to the second hydrogen separator 31, the hydrogen passes through a membrane which excludes the water and methane in stream 7. This hy drogen can be directed via stream 31 to storage or com bined with the reactants in stream 1. Meanwhile, the water and methane excluded by the membrane can be directed via stream 35 to the second condenser 37 for additional separation as described above.
The following example is given to illustrate the con tinuous methane and oxygen production process of the present invention. It is not intended, however, to limit the generally broad scope of the present invention.
EXAMPLE
The following example describes a method for pro ducing 3.0 kilograms per day of methane and oxygen, 0.6 kilograms per day of methane and 2.4 kilograms per day of oxygen. This represents the 4:1 oxygen to meth ane weight ratio that is desirable for stoichiometric combustion. 2. Hydrogen, 0.075 kg/day, 0.6 kg/day of methane, and 1.35 kg/day of water is removed from the effluent stream 5 from the methanation reactor 3. This repre sents 33% of the volumetric flow of the methanation reactor effluent 5.
3. The remainder of the effluent stream, 0.15 kg/day of hydrogen, 1.2 kg/day of methane, and 2.7 kg/day of water, is combined with an additional 2.7 kg/day of water 15 from a first condenser 13. This gives the 4:1 steam to methane ratio desired in the reforming reactor 9. 4. The combined inlet stream 6 is introduced to a reforming reactor 9 where the methane and water react to form hydrogen and carbon monoxide. The reforming reactor effluent 11 contains 0.6 kg/day of hydrogen, 2.1 kg/day of carbon monoxide, and 4.05 kg/day of water. The reforming reactor 9 is maintained at 800° C. (1472 F.). 5. The reforming reactor effluent stream 11 is cooled in a first condenser 13 to less than 5° C. (41' F.) to condense the Water Out of stream 11. 6. A portion of the water 15, 2.7 kg/day, is combined with the reforming reactor inlet stream 6 while the hydrogen and carbon monoxide 23 are separated in a first hydrogen separator 25 such that the carbon monox ide 27 is vented and the hydrogen 29 is combined with the reactants 1.
7. Meanwhile, the stream 7 removed from the metha nation effluent stream 5 is introduced to a second hy drogen separator 31 to separate the hydrogen from the methane and water. The separated hydrogen 33 is re combined with the reactants 1. The present invention allows production of oxygen and methane on extraterrestrial bodies where carbon dioxide is abundant. The process is readily automated and continuous, requiring no manual removal of solids and no replacement of expendables. The present inven tion provides payload size and weight advantages over the prior art, and therefore will be particularly useful in advancing man's ability to explore boundless areas of space. For example, the present invention renders pro duction of oxygen and methane on Mars an efficient, continuous, gas phase process. The process disclosed is capable of producing oxygen and methane at any weight ratio greater than 2:1. Thus it is possible to pro duce only oxygen and no methane. For the case of an oxygen to methane weight ratio of 3.5:1, the ideal mix ture for maximizing specific impulse for propulsion, the leverage of fuel and oxidant produced to hydrogen supplied is 18:1.
The ability to produce variable amounts of oxygen and methane enables production to be based upon need. For example, if oxygen and methane production is merely for the return flight to earth, the weight ratio will be about 3.5:1. However, if additional oxygen is needed for life support, the weight ratio can change to about 4:1 or more, depending on the need. This ratio is varied by increasing or decreasing the flow of the met hanation effluent stream directed to the reforming reac tor. As the flow to the reforming reactor increases, the flow to the second condenser for separating methane and water decreases, and the amount of methane stored decreases.
The prior art required a payload of about 110 metric tons of fuel and oxidant to be carried as payload to Mars for the return flight. Compared to the prior art, the present invention realizes a weight savings of about 100 metric tons of payload which not only lightens the spacecraft, but decreases the necessary size of the space craft. It is assumed that approximately 2 metric tons of equipment is necessary for the on location production of oxygen and methane. Therefore, the cargo require-50 200 c ment is merely about 8 metric tons, 6 metric tons of hydrogen and about 2 metric tons of equipment.
30 Additionally, unlike U.S. Pat. No. 4,452,676, the present invention is not limited by expendables or the need to discard or store solid carbon. The present in vention does not rely upon a carbon formation reactor to vary the oxygen to methane ratio, and therefore is not burdened with the problems thereofas discussed in the Background Art.
Although this invention has been shown and de scribed with respect to detailed embodiments thereof, it will be understood by those skilled in the art that vari ous changes in form and detail thereof may be made without departing from the spirit and scope of the e. directing a second portion of said methane and water to a means for separating methane and water; f, separating said water and said methane in said sec ond portion; g. directing said separated water to an electrolyzer; and h. electrolyzing said separated water to form electrol ysis hydrogen and electrolysis oxygen. 
